The critical angle technique is modified for the accurate measurement of the refractive index of bio-optical materials. Based on the analysis of reflection from the boundary of the material as a function of incident angle and polarization direction, the critical illumination angle is obtained by numerical differentiation of the reflection curve. As an example, the dispersion curve of bacteriorhodopsin is given. The measurement error and the effect of the host bovine skin gelatin on the results are analyzed.
INTRODUCTION
Recently, bio-optical materials such as bacteriorhodopsin (BR) have become important linear and nonlinear optical materials because of their real-time holographic recording capabilities, information storage potential, and large optical nonlinearity. [1] [2] [3] [4] [5] [6] With their complex molecular structures, one of the attractive features of bio-optical materials is that they can be genetically or chemically modified on the molecular scale to suit given applications. The refractive index is one of the most important physical properties of an optical material. However, most of the bio-optical materials have absorption, and it is difficult to make a good freestanding optical surface with bio-optical materials. These facts make the determination of their refractive indices difficult.
The critical-angle method 7, 8 has been used for the measurement of the refractive index of nonabsorbing materials. The refractive index of an absorbing material can be deduced from ellipsometric or reflection measurements 9, 10 and pseudo-Brewster-angle measurements. 11, 12 But the top surfaces of most bio-optical materials are not of high enough optical quality for the application of the methods mentioned above. In this paper we describe a modified critical-angle method for measuring the refractive index of an absorbing bio-optical material. As an example, we report the measurement of the refractive index of a gelatin-based film doped with BR because it is one of the important bio-optical materials on account of its large optical nonlinearity and many application potentials in the field of optical information processing.
In the following sections we will first describe the theory of the proposed method. Then we will show how it is experimentally implemented. As an example, we provide the dispersion curve of BR. The various aspects of experimental error are then analyzed.
THEORY
The principle behind the measurement is illustrated in Fig. 1 . In this figure medium 1 is a nonabsorbing prism of known high refractive index n 1 . Medium 2, which can be either absorbing or nonabsorbing, is the test sample to be measured. In this setup total internal reflection at the interface between media 1 and 2 is used to determine the refractive index n 2 of medium 2. b is the vertex angle of the prism, a is the incident angle at the face of the prism, and u is the incident angle in the interface between the prism and the sample. a is related to u through the equation
where the positive (negative) sign indicates that a has a clockwise (counterclockwise) rotation from the prism surface (normal). The complex refractive index of medium 2 (test sample) can be written asñ 2 n 2 ͑1 1 ik 2 ͒, in which n 2 is the real refractive index to be measured and k 2 is the attenuation index. 13 It is convenient to use the parameters u 2 and v 2 to describe the reflection coefficients. These two parameters are related to the system parameters by 
In the case in which the electric vector is perpendicular to the plane of incidence (TE wave) the reflection coefficient R s,Ќ of the light beam at the interface of the prism and the sample is given by
If the electric vector is parallel to the plane of incidence (TM wave), the reflection coefficient R s,k of the TM wave is given by
In the geometry shown in Fig. 1 the incident beam will undergo reflections at the air -prism, prism -sample, and prism-air interfaces. The reflection losses in the air -prism and prism-air interfaces are the same; one can calculate them by noting that
for the TE wave and
for the TM wave. The overall effective reflection coefficient of light from this system is given by
for the TM wave and
for the TE wave. By combining Eqs. (1) - (8), one can calculate the effective reflections of this system for any given set of system parameters. Figures 2 and 3 show R Ќ and R k , respectively, as a function of the incident angle a for n 1 1.73, n 2 1.52, and k 2 0.0, 0.0005, 0.001, 0.002, 0.004, 0.006. These figures clearly show the effect of absorption in medium 2 on the reflection. To be specific, when k 2 is zero (i.e., no absorption), the total internal reflection is obvious. The illumination angle on the air -prism interface at which the total reflection occurs is defined as the critical illumination angle a the reflection curve subsequently becomes smoother, and the inflection point of the curve is gradually lost. Figure 4 shows the relationship between the reflection curves and their derivatives. It can be seen that the reflection curve at the critical illumination angle changes sharply for k 2 0.0 and gradually for k 2 0.001. For a nonabsorbing medium (i.e., k 2 0) the angular positions of the maximum derivatives of the reflection curves for both TE and TM waves are the same as the critical illumination angle a (TM wave) , respectively, as a function of attenuation k 2 for the different n 2 . As k 2 increases, both jDa E j and jDa M j first increase, then decrease, pass zero, and increase again.
In general, jDa E j . jDa M j. So, for a weak absorbing medium, a c,M can be used as the approximation for a 0 c to determine the refractive index of medium 2 (i.e., the test sample). Figure 6 shows the calculated reflection curves of the TM wave as a function of the incident angle for k 2 0.004, n 1 1.73, and n 2 1.520, 1.525, 1.530, 1.535, 1.540, 1.545. This figure shows that, for a constant k 2 , the reflection curve shifts as n 2 changes but the shape of the curve is unchanged. In other words, the method discussed above of using the a c,M to approximate a 0 c is still valid for different values of n 2 .
As the value of k 2 increases, the error in determining a 0 c from the method described above becomes larger. Two methods can be used to yield the refractive index of a strongly absorbing medium. One is the curve-fitting method. After finding the measured reflection curve and knowing k 2 (it can be easily measured) of the test sample, one can use Eqs. (7) and (8) and different n 2 to fit the measured reflection curve and thus obtain the refractive index of the sample. As depicted in Fig. 6 , the shift of the reflection curve is sensitive to different values of n 2 . So the accuracy of this curve-fitting method can be high. The second method is the successive approximation method. After obtaining the maximum derivative angle a c,M 1 from the measured reflection curve, we can obtain the approximate refractive index n 2,1 of the sample. Knowing k 2 and n 2,1 of the sample, we can obtain the angle shift Da M 1 from the computation illustrated in Fig. 5 . Then we can obtain the critical illumination angle a 0 c,1 a c,M 1 1 Da M,1 . From this we arrive at the next approximated refractive index, n 2,2 , of the sample. From n 2,2 we repeat the above process. In this way one can obtain a precise value of the refractive index n 2 of the sample.
The divergence of the probing Gaussian beam also has an effect on the bend of the reflection curve. In order to distinguish the effects of absorption and divergence of the probing Gaussian beam on the reflection curve, we use a nonabsorbing material, water, as a sample. The boundary that we are considering here is between the prism and the water. Curves a, b, and c in Fig. 7 are the calculated reflection curves of the TM-mode probe Gaussian beam with the divergence angles 0.0 0 , 2 0 , and 4 0 , respectively. Clearly, the divergence of the probe Gaussian beam also causes a shift and a bending of the reflection curve near the critical angle. By finding the location of the maxima of the derivatives, one can find that the error is much smaller than Da M . Therefore the effect of the divergence of the probe Gaussian beam on the shape and the shift of the reflection curves can be neglected. If high accuracy is required, one can use a collimated beam to eliminate the effect of beam divergence.
EXPERIMENT
The experimental setup for this measurement is shown in Fig. 1 above. A power meter is used to detect the reflection power from the interface between the prism and the sample. a is the incident angle on the incident plane of the prism. a 0 c , which is defined as the critical illumination angle in this paper, is the incident angle at which total internal reflection occurs at the interface between prism and sample. a c,M is used to approximate a 0 c to determine the refractive index n 2 of the test sample. The refractive index n 2 of the sample is given by
where the refractive index of air is taken as 1.000 and n 1 , which ranges from 1.794 to 1.7193 for the wavelength used in this experiment, is the refractive index of the prism. These values are obtained from the dispersion table supplied by the prism vendor. The positive (negative) sign indicates that a c,M is a clockwise (counterclockwise) rotation from the prism normal. The magnitude of the critical illumination angle depends on the ratio n 2 ͞n 1 . In general, medium 3 is air, and the total internal reflection occurs first at the interface of the sample and the air. This reflection makes the measurement of the critical illumination angle difficult. Therefore the total reflection at the interface between the sample and the air should be avoided. The arrangements shown in Fig. 8(c) shows how to use a matching liquid with a refractive index higher than that of the sample to attach another prism that has a refractive index higher than that of the matching liquid. By these arrangements the total internal reflection will occur only at the interface between the prism and the sample.
As an illustration, we present the measurement of the refractive index of BR film. BR is the light-harvesting protein found in the purple membrane of the organism Halobacterium salinarium. It is considered to be one of the most promising bio-optical materials for holographic applications. 1.5% (volume) bovine skin gelatin was used to host the BR, so that it has a good optical surface while minimizing the effect of the host on the refractive index of pure BR film. The BR film is coated onto one of the surfaces of a high-index equilateral prism that is mounted upon a rotating stage with a precision of 0.2 0 . This setup provides an angular position measurement with a precision of 0.018
Since most of the matching liquids can damage the membrane of BR, we made the top surface of BR film rough and then coated it with fine carbon powder. This procedure eliminates the reflection on the top surface but also caused a weak scattering. Because this scattering is at a large angle, only a small part of the scattered light can hit the detector, which is far from the BR film and occupies a very small stereoangle (,10 -6 ). Accordingly, the scattered light has very little effect on the detection of the reflected light from the interface of the prism and the BR. Figure 9 shows the measured reflection curve (solid) of this setup as a function of the incident angle a for the wavelength at 514.5 nm. The derivative is shown by the dotted curve. We obtain the maximum derivative (point M) by comparing the differences between adjacent measured data. In this measurement the illumination intensity is kept below 30 mW͞cm 2 . This guarantees that the absorption band does not change appreciably during the measurement to ensure that the measured refractive index is the one for BR at the ground state.
RESULTS AND DISCUSSION
The dispersion curve of the BR film obtained through the procedure described above for some important wavelengths is shown in Fig. 10 . It is similar to that of glasses in the visible region. According to the theory of dispersion in dielectrics, there should be a variation of the refractive index in the region of a single absorption band: the refractive index increases (decreases) at wavelengths shorter (longer) than that of the absorption peak. There is an absorption peak located at l 568 nm for BR film, but no such change in the refractive index is observed. This phenomenon can be explained as follows. There are a number of weak absorption bands located in the range 350-450 nm and a strong absorption band at 280 nm, besides the absorption band at 568 nm. 14 These absorption bands change the shape of the single absorption band near 568 nm. The strong absorption band at 280 nm has the same effect as that of the absorption bands of glasses at wavelengths shorter than 300 nm. Hence the dispersion curve of BR is similar to that of glasses. Another reason for this phenomena is that the change in the refractive index induced by the absorption change is smaller than 60.003, 15, 16 close to the measurement error in our case. The error in the measurement can be evaluated by differentiating Eq. (9):
where db is the error in the measurement of the vertex angle of the prism, dn 1 is the error of the refractive index of the prism, and da is the error on the measurement of the critical illumination angle. From Eq. (9) the error contributions in the determination of the refractive index of the sample, resulting from the errors of the vertex angle ͑db͒, the critical illumination angle ͑da͒, and the refractive index of the prism ͑dn 1 ͒, are 
dn 2 ͑n 1 ͒ sin͓ b 6 arcsin͑1͞n 1 ͒sin a͔ 1 n 1 cos͓ b 6 arcsin͑1͞n 1 ͔͒dn 1 .
In the case of this measurement, a , 5 ± and n 1 ranges from 1.72 to 1.74 for the wavelengths used. If we substitute these values into Eqs. (11) - (13), they can be approximated as
Hence the total error in the measurement of the refractive index of the sample is given as
The error da consists of two parts: one is the measured error of the angle a c,M , and the other is the error in approximating the critical illumination angle a 0 c by a c,M . In our case, db 0.0002 rad, da ഠ 0.0015 rad, and dn 1 ഠ 0.0002. Hence the total error dn 2 is 60.002.
We believe that the data on the measured refractive index in Fig. 10 are the refractive index of pure BR film, although the BR film used in our experiment contains 1.5% host bovine skin. There are a number of theories and methods to estimate the properties of mixtures or inhomogeneous media. [17] [18] [19] The simplest method to estimate the refractive index of the BR film is given by
where n 2 is the refractive index of the BR film (mixture), n and n 3 are the refractive indices of the pure BR and the host bovine skin gelatin, respectively, and q and q 3 are the volume fractions, with q 1 q 3 1. By defining n 3 n 2 Dn, we can rewrite Eq. (18) as n 2 q͑n 3 1 Dn͒ 1 q 3 n 3 n 3 1 qDn (19) or Dn ͑n 2 2 n 3 ͒͞q .
From the measured refractive index of the host bovine skin gelatin (ϳ1.54) in the visible region and the data in Fig. 10 we obtain Dn ഠ 0.02. From Eqs. (19) and (20) the refractive index of the pure BR film, n, can be written as n n 2 1 q 3 Dn .
Substituting q 3 0.015 and Dn ഠ 0.02 into Eq. (21), we obtain Dn 0 n 2 2 n , 0.00015. This value is much smaller than the error of the measured refractive index. In other words, in our case the effect of the host bovine skin gelatin inside the BR film on the measured results of the refractive index of pure BR film can be ignored.
We also analyzed the effect of the host bovine skin gelatin by using the effective-medium theory. 18, 19 The calculated error is smaller than 0.00005. Hence we take the conservative estimation by Eq. (21) that the error is smaller than 0.00015.
SUMMARY
The critical-angle method is modified for the measurement of the refractive indices of bio-optical materials, which are typically absorptive and are difficult to make into good freestanding optical surfaces. This method generally can be used for measuring the refractive indices of either solid or liquid materials. The refractive indices of BR are given for a number of common laser wavelengths in the visible region. The accuracy of the results is shown to be smaller than 0.002. The dispersive behavior of BR film and the effect of the host bovine skin gelatin on the measured results are also discussed.
